The Mannich reaction is a synthetically useful method for the construction of nitrogen containing molecules. Organocatalysts have been successfully applied to the Mannich reaction. Our group has been engaged in research on the organocatalyst mediated Mannich reaction since the early days of its development in 2002. We have developed a proline mediated three component Mannich reaction of aldehyde, ketone and p anisidine under the high pressure induced by water freezing. Proline was found to effectively promote the cross Mannich reaction of two different aldehydes to afford the Mannich product with syn selectivity and excellent enantioselectivity, conditions successfully employed as a key reaction for the stereoselective synthesis of the N terminal amino acid moiety of Nikkomycin B and Bx. A tri uoromethyl substituted diarylprolinol silyl ether is an effective organocatalyst of the Mannich reaction with acetaldehyde as nucleophile. It is also effective in the desulfonylative Mannich reaction of aliphatic aldehyde, α chloroacetaldehyde and α keto aldehyde which are employed as a precursor of the imine, affording the desired Mannich products with anti selectivity and excellent enantioselectivity. As the obtained Mannich products are useful chiral building blocks which can be prepared by this simple procedure, the present methods are important for the synthesis of nitrogen containing molecules.
Introduction
The eld of organocatalysis 1 has been developing very rapidly since the discovery of the proline mediated intermolecular asymmetric aldol reaction in 2000 by List, Lerner and Barbas. 2 Organocatalysts are particularly synthetically useful because of the following merits. 1) As reactions with organocatalyst are not greatly affected by oxygen or moisture, they need not be carried out under strictly oxygen free and anhydrous conditions. 2) As no metal is employed, there is no concern that it might contaminate the product. Many kinds of organocatalysts with unique properties have been developed, and many kinds of reactions have been reported to proceed with excellent enantioselectivity catalyzed by organocatalyst. Our group has been investigating such reactions, and has already reported several effective organocatalysts and synthetically useful reactions using them. We also have an interest in the application of organocatalyst mediated reactions to the ef cient total synthesis of biologically active compounds. In this review I will describe my personal endeavors to develop the Mannich reaction catalyzed by organocatalyst.
The catalytic, asymmetric Mannich reaction is one of the most powerful methods for the construction of chiral nitrogen containing molecules.
3 When we started to investigate the asymmetric Mannich reaction in early 2000, several excellent results had already been reported, some of which are based on catalytic asymmetric additions of a pre formed enolate to aldimines. 4 Unlike such Mannich reactions of pre formed enolates, the research groups of Shibasaki, 5 Jørgensen, 6 and Trost 7 have developed direct, catalytic asymmetric Mannich reactions using chiral organometallic catalysts.
On the other hand, after the discovery of the proline mediated aldol reaction in 2000 2 mentioned above, organocatalysts began to be applied to other reactions including the Mannich reaction. In the same year as the seminal proline mediated aldol reaction, List developed a three component, asymmetric Mannich reaction of an aldehyde, 4 methoxyaniline (p anisidine), and a ketone (eq. 1), 8 while Barbas and co workers reported a Mannich reaction of N PMP protected α imino ethyl glyoxylate and an aldehyde and ketone in 2002 (eq. 2). 9 As the direct asymmetric Mannich reaction is synthetically important for the synthesis of nitrogen containing chiral molecules, our group has had an interest in applying organocatalysts to such reactions since 2002. First, I would like to describe why I came to be involved with organocatalytic reactions.
Personal Background
When I started my independent career in 1998, I had an interest in high pressure chemistry, because this is one of the factors that can effectively accelerate many organic transformations, 10 although its use in organic synthesis is rather limited owing to the necessity for special high pressure apparatus. I thought that a new and easy method for the generation of high pressure for use in synthetic organic chemistry was necessary. I wanted to develop a high pressure apparatus which can be used in an ordinary chemistry laboratory. My idea was to use the high pressure generated when water becomes ice: It is well known that a bottle of water will break if left in a refrigerator
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A Personal Account (Figure 1 ), because the volume of water increases about 10% on freezing. A high pressure of up to 200 MPa would be generated when water is frozen in a sealed autoclave according to the phase diagram of water and ice ( Figure 2 ). This high pressure has been elegantly utilized for the inactivation of microorganisms by Hayakawa et al. 11 I would like to use this high pressure induced by water freezing in organic synthesis, and in fact we successfully applied it to the proline mediated aldol reaction, 12 the Michael reaction of alcohols with α, β enones, 13 and the Baylis Hillmann reaction. 14 During the application of this method, we happened to nd that an excellent result was obtained when the proline mediated Mannich reaction was performed under water freezing high pressure conditions.
The Mannich Reaction under High Pressure Induced by
Water freezing 15 List reported the proline mediated three component Mannich reaction in 2000 (eq. 1). 8 Although this is an excellent reaction, it does have limitations: Yields are generally insufcient when acetone is used as the Mannich donor, while the Mannich acceptor should be electron de cient and highly reactive. One of the easy ways to increase the yield is to perform the reaction at higher temperature. But in that case, enantioselectivity would decrease. I applied my water freezing high pressure method to this reaction, in the expectation that the effects of both high pressure and low temperature would play pivotal roles; i.e. that the yield would be improved due to the negative activation volume of the three component coupling reaction, and enantioselectivity would be improved because the reaction would proceed at lower temperature ( 20 ) than List s condition of room temperature.
The Mannich reaction of p bromobenzaldehyde, p anisidine, and acetone was investigated under high pressure induced by water freezing, and it was found that the Mannich and aldol adducts were obtained in 57% yield with 95% ee, and in 11% yield with 78% ee, respectively. When the same reaction was performed under ambient pressure at room temperature, the reaction proceeded slowly, affording the Mannich adduct in 25% yield with 88% ee, the aldol product in 10% yield with 74% ee, and 4 (p bromophenyl) 3 butene 2 one, the dehydrated product, in 12% yield (eq. 3). As expected, better yield and enantioselectivity were obtained when the reaction was conducted under high pressure induced by water freezing.
This high pressure method widens the scope and generality of the Mannich reaction (Table 1) . High pressure and low temperature are both essential for the success of this asymmetric catalytic reaction; the former not only accelerates the reaction but also suppresses side reactions such as the formation of α, β enone. An especially noteworthy feature is that electron rich, aromatic aldehydes, unreactive substrates under ambient pressure, can be successfully employed, affording the product in good yield.
The Cross Mannich Reaction of Two Different
Aldehydes 16, 17 During the application of high pressure induced by water freezing, we found that the cross Mannich reaction of two different aldehydes can proceed ef ciently at ambient pressure, which is synthetically very useful. When we started to investigate the Mannich reaction, cross Mannich reaction of aldehyde had already been reported only for N PMP protected α imino ethyl glyoxylate, which is a very reactive Mannich acceptor (eq. 5).
9 Cross Mannich reaction of other aldehydes as the electrophilic partner was unknown. The problem with the cross Mannich reaction is side reactions such as the cross aldol reaction catalyzed by proline.
We found this side reaction can be suppressed by choosing a suitable temperature: We selected the three component Mannich reaction of propanal, p anisidine and benzaldehyde as a model reaction. First, p anisidine and benzaldehyde were stirred in the presence of L proline, which generates imine. To the same reaction vessel, propanal was added at 20 , after which the reaction proceeds at this temperature to afford Mannich product in good yield with excellent syn selectivity and enantioselectivity without generation of the aldol product. When the reaction was conducted at higher temperature, aldol product was obtained. The success of this procedure indicates that the aldimine was formed even at 20 , and that the reaction between the aldehyde and aldimine is faster than the self aldol reaction. Some of our results are summarized in Table 2 . The reaction has wide generality. Not only benzaldehyde but also substituted benzaldehydes such as p nitro, p bromo and p chlorobenzaldehydes can be successfully employed. Heteroaromatic aldehydes such as furfural and p pyridinecarbaldehyde gave good results. Not only propanal, but also butanal and pentanal can be employed as the nucleophilic aldehyde.
The self Mannich reaction of propanal also proceeds efciently (eq. 7). In this reaction, all three components, propanal, p anisidine, and L proline are mixed together at 20 without pre formation of the aldimine.
The reaction is presumed to proceed via an enamine intermediate. An imine is generated from aldehyde and p anisidine. An enamine is also formed, this from the second aldehyde and proline. The enamine reacts with the imine via the transition state shown in Scheme 1, in which the proton of the carboxylic moiety coordinates to the imine nitrogen. This transition state model explains why the syn isomer is obtained predominantly. An iminium ion is generated, which reacts with water to afford the Mannich product and regenerate proline.
The Reactivity Difference between Aldimine versus Aldehyde in the Proline Mediated Mannich Reaction and Aldol Reaction
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The cross Mannich reaction of two different aldehydes proceeds at 20 , while the corresponding cross aldol reaction of different aldehydes has been reported to proceed at 4 by Northrup and MacMillan. 19 These facts indicate that the aldimine is more electrophilic than the parent aldehyde, which is contrary to the generally accepted notion that an aldimine is less reactive toward nucleophilic addition than its parent aldehyde. Thus, we became interested in the relative reactivity of aldimine and aldehyde in the proline mediated Mannich and aldol reactions.
The reactivity difference between aldimine and aldehyde was investigated by direct in situ comparison (eq. 8). The reaction was performed as follows: Benzaldehyde (1.0 M) and p anisidine (0.50 M) were stirred in NMP for 2 h in the presence of L proline (0.1 M), affording N benzylidene p anisidine (0.50 M) and benzaldehyde (0.50 M), as checked by 1 H NMR. To this mixture was added propanal (3.0 M) at 20 , and the reaction was quenched after a given period of time by the addition of NaBH 4 or LiAlH 4 . Yields of the Mannich and aldol products were determined after isolation of β amino alcohol 1 and 1,3 diol 2. The results are summarized in Figure 3 . From this in situ comparison, N benzylidene p anisidine is found to be 6.8 times more reactive than benzaldehyde, which is in good agreement with the reactivity difference Table 2 . Cross Mannich reaction of aldehyde. determined by experiments on the separate electrophilic components.
In order to explain the reactivity difference between aldimine and aldehyde as electrophile, we have calculated energy pro les for the Mannich reaction of N benzylidene p anisidine and propanal catalyzed by proline, and the aldol reaction of benzaldehyde and propanal catalyzed by proline using density functional theory (B3LYP/6 31G ) in collaboration with Dr. Uchimaru. It was found that in the Mannich reaction initially protonation occurs on the basic nitrogen of the aldimine, which strongly activates it. This activation is much more effective than the activation by protonation of the less basic aldehyde. As the aldimine is more effectively activated by carboxylic acid protonation than the aldehyde, it is more electrophilic than the aldehyde in proline mediated reactions.
Moreover, as the proton is mostly transferred to the nitrogen of the imine in the transition state, charge density at the transition state is more localized in the Mannich reaction than in the aldol reaction. Because solvent stabilizes better the more charge separated transition state, decreasing the activation energy, it is reasonable that the Mannich reaction is faster than the aldol reaction in a polar solvent such as NMP.
To con rm this protonation experimentally, we carried out a 1 H and 13 C NMR study of aldimine and aldehyde in the presence of acid, which showed that shifts to lower eld were observed for the aldimine carbon and hydrogen in accord with the amount of CF 3 CO 2 H. In the case of the aldehyde however, only small down eld shifts were observed. These results clearly indicate that the aldimine is protonated effectively, while the aldehyde is not. The higher reactivity of aldimine over aldehyde is attributed to the effective protonation by acid of the aldimine basic nitrogen, as supported by NMR experiments. In summary, the reason for the higher reactivity of aldimine over aldehyde in the asymmetric, direct, one pot, three component, cross Mannich reaction of two different aldehydes has been experimentally and theoretically investigated with the conclusion that the effective protonation by acid of the aldimine basic nitrogen is the key. The generally accepted notion that aldehyde is more reactive than aldimine is applicable to nucleophilic addition reactions under basic conditions (Figure 4 ). In the Brønsted acid mediated reaction, however, aldimine is more reactive than aldehyde. Nikkomycins B and B X are nucleoside peptide antibiotics isolated from the culture broth of Streptomyces tendae ( Figure 5 ). 21 They are potent chitin synthetase inhibitors, exhibiting fungicidal, insecticidal, and acaricidal activities.
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The nikkomycins can be divided into two structural units, the C terminal nucleoside amino acid and the N terminal amino acid 3. The N terminal amino acid 3 and its synthetic equivalent 4 contain the three contiguous stereocenters of an α methyl β amino secondary alcohol moiety, the stereoselective synthesis of which is a synthetic challenge. As an application of the proline mediated three component cross Mannich reaction of two different aldehydes, we synthesized this portion of Nikkomycins B and B X (Scheme 2).
The Mannich reaction of 2 furaldehyde, propanal, and 4 tert butyldimethylsiloxyaniline proceeded with high diastereo and enantioselectivities (96% ee). Crude β amino aldehyde 5 was immediately treated with (p MeOC 6 H 4 ) 2 CuMgBr in THF at 40 to give β amino alcohol 6. The crude mixture of syn and anti alcohols 6 was oxidized with SO 3 pyridine to afford β amino ketone 7 in 70% yield over three steps. Diastereoselective reduction of β amino ketone 7 with LiAlH(O t Bu) 3 at 78 for 1 h proceeded smoothly, generating 1,2 anti alcohol 8 in excellent yield and diastereoselectivity (98% yield, 1,2 syn:1,2 anti 1:32).
The hydroxyl and amino groups were protected with the electron withdrawing benzoyl group by treatment with benzoyl chloride, Et 3 N and a catalytic amount of DMAP, affording 9 in 61% yield. The p tert butyldimethylsiloxyphenyl substituent on nitrogen was successfully removed by successive treatment with TBAF and iodobenzene diacetate in 78% yield over two steps. Iodobenzene diacetate is a mild oxidant, which allowed the successful removal of the p tert butyldimethylsiloxyphenyl moiety without affecting the oxidatively labile p methoxyphenyl group and furan. The reaction of 10 with sodium periodate and a catalytic amount of ruthenium dioxide 23 afforded the carboxylic acid, which was treated with diazomethane to afford methyl ester 11 in 47% yield over two steps. Treatment of 11 with K 2 CO 3 in MeOH gave lactone 12, identical to the literature product, in 84% yield. Thus, we were able to construct three contiguous chiral centers and successfully accomplished the formal total synthesis of Nikkomycins B and B X .
The Mannich Reaction Using Acetaldehyde as a Mannich Donor
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Controlling the reaction of acetaldehyde has been considered dif cult because of its high reactivity both as a nucleophile and as an electrophile, moreover the reaction products, α unsubstituted aldehydes, are equally reactive towards further side reactions. Although silyloxyethene, synthetic equivalents of acetaldehyde, have been developed, 25 the ability to use acetaldehyde directly as a nucleophile is desirable.
Our group 26 and List s group 27 independently developed organocatalyst mediated asymmetric reactions of acetaldehyde for the rst time. We reported a cross aldol reaction of acetaldehyde catalyzed by tri uoromethyl substituted diarylprolinol (eq. 9), 26 whereas List and coworkers reported the proline catalyzed Mannich reaction of acetaldehyde and N Boc imine (eq. 10). 27 At the same time, our group and the List group reported the asymmetric Michael reaction of acetaldehyde and nitroalkene (eq. 11).
28,29 Shortly after List s Mannich paper, our group also investigated the Mannich reaction of acetaldehyde and N benzoyl , N Boc and N Ts imines catalyzed by the combined use of diarylprolinol silyl ether and p nitrobenzoic acid, which will be explained in this section.
We employed L proline as a catalyst which is an effective catalyst in the previous cross Mannich reaction of two different aldehydes. When we used L proline as a catalyst, the Mannich product was obtained in 51% yield with 92% ee. When we performed the reaction under List s conditions using L proline as a catalyst in CH 3 CN, excellent enantioselectivity was obtained with moderate yield. We found that the side reactions are the hydrolysis of the imine and the double Mannich reaction. After screening of the reaction conditions, it was found that diarylprolinol silyl ether, as developed independently by our (Table 3 , entry 1). The reaction has some generality (Table 3) : It proceeds ef ciently for N benzoyl imines derived from electron de cient arylaldehydes such as p chlorobenzaldehyde and also electron rich aldehydes such as p anisaldehyde and 3,4 methylenedioxybenzaldehyde. The N benzoyl moiety is known to be removable under several conditions. Moreover, N Boc imine and N Ts imines are also suitable substrates, providing the Mannich adduct in good yield with excellent enantioselectivity. The present method has several useful features. 1) Catalyst loading (10 mol%) is less than the proline catalyzed version. 2) Suppression of imine decomposition and double Mannich reaction gives improved yields. 3) B3LYP calculation shows that the formation of the enamine is the rate determining step and that once the enamine forms, it reacts with a protonated imine with no activation barrier.
The Mannich Reaction of Imines Derived from an Aliphatic aldehyde
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Most of the known Mannich reactions are restricted to imines derived from aromatic aldehydes or ethyl glyoxylate, which do not possess a hydrogen at the α position of the formyl group. The catalytic asymmetric cross Mannich reaction of imines derived from alkyl aldehydes with α hydrogens has been regarded as challenging, because of the imines easy isomerization to the corresponding enamines (eq. 13). As imines derived from aliphatic aldehydes are unstable, the domino reaction consisting of the desulfonylative preparation of N Ts imine and then enantioselective Mannich reaction was investigated.
It had previously been reported that the domino reaction of desulfonylative imine formation from 2 [(alkoxycarbonyl)-amino]acetate and subsequent Mannich reaction catalyzed by diphenylprolinol silyl ether affords anti selective β amino aldehydes in good yield with good diastereo and enantioselectivities (eq. 14). 33 We applied this domino process to aliphatic aldehydes.
Sulfonamidosulfone was treated with base, catalyst and nucleophilic aldehyde. After some experimentation, we found that an asymmetric Mannich reaction catalyzed by diarylprolinol silyl ether affords the anti Mannich product with excellent enantioselectivity. Not only organic solvents such as dioxane gave a good result but also brine is a suitable solvent to provide the Mannich product in good yield with excellent selectivity. It is noteworthy that the reaction proceeds in brine without using any organic solvent at all. As for the scope of imines derived from aliphatic aldehydes, not only 3 phenylpropanal but also isovaleraldehyde, isobutyraldehyde, cyclohexanecarbaldehyde, phenylacetaldehyde and benzyloxyacetaldehyde were all suitable for reaction with propanal to afford the Mannich products in good yield with good anti selectivity and excellent enantioselectivity (Table 4 ). The reaction proceeds not only with N Ts imines but also with N Ns (nosyl) 34 imines.
This reaction was found to be applicable to imines derived from aromatic aldehydes. Whereas the precursor of the N Ts imine, p toluenesulfonamido sulfone, derived from an aromatic aldehyde is rather unstable, the corresponding N Ts imine is more stable and could be isolated. Thus, the isolated N Ts imine was used as starting material. The reaction of propanal and N Ts imine derived from benzaldehyde in the presence of 10 mol% of diarylprolinol silyl ether catalyst proceeded well to afford the Mannich product in good yield with good diastereo and enantioselectivities (eq. 16).
There are several noteworthy features associated with this reaction. 1) This is one of the rare examples of the successful catalytic asymmetric cross Mannich reaction of an unmodied aldehyde as a Mannich donor and an imine derived from an aliphatic aldehyde with α hydrogens as a Mannich acceptor.
2) The present reaction can be successfully applied not only to imines derived from aliphatic aldehydes but also to imines from aromatic aldehydes. 3) Both N Ts imines and N Ns imines can be used. 4) In the reaction of imines derived from aliphatic aldehydes, brine, without organic solvent, was used as the reaction medium this offers green reaction conditions. 5) In this reaction using diarylprolinol silyl ether the anti isomer is obtained predominantly, which is in marked contrast to the syn selective Mannich reaction catalyzed by proline. Table 4 . Mannich reaction of imine derived from alkyl aldehyde.
Mannich Reaction of the N Tosyl Imine of Chloroacetaldehyde
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We have reported the one pot synthesis of chiral β,γ epoxyaldehyde via the uninterrupted reaction sequence of an asymmetric aldol reaction of chloroacetaldehyde catalyzed by tri uoromethyl substituted diarylprolinol, followed by the Wittig reaction and an epoxidation reaction (eq. 17). 36 We had already found that the asymmetric catalytic Mannich reaction of imines derived from aliphatic aldehydes with α hydrogens is catalyzed by diarylprolinol silyl ether as described in the previous section. Based on these reactions, we designed a synthesis of chiral aziridines via a one pot procedure as follows: If the asymmetric Mannich reaction of an imine derived from α chloroacetaldehyde proceeds and is followed by an intramolecular nucleophilic substitution, then a chiral aziridine derivative would be generated (eq. 18). Thus, we decided to investigate this possible one pot synthesis of chiral aziridines.
First, we chose as imine N (2 chloroethylidene) p toluenesulfonamide which can be obtained from N (2 chloro 1 phenylsulfonylethyl) p toluenesulfonamide by treatment with base. However all our attempts to isolate the desired imine were unsuccessful as a result of its rapid degradation. Next we investigated the domino reaction of in situ desulfonylative generation of N Ts imine followed by enantioselective Mannich reaction. 33 It was found that tri uoromethyl substituted diarylprolinol silyl ether is an effective organocatalyst. When diarylprolinol silyl ether, NaHCO 3 , α amidosulfone and aldehyde were all mixed together in 1,4 dioxane at 0 , the reaction was found to proceed to provide the desired Mannich product in good yield with excellent anti selectivity and enantioselectivity. On reaction of the Mannich product with NaBH 4 , not only did reduction of the aldehyde to alcohol proceed, but also the aziridination reaction occurred to provide the chiral aziridine with excellent enantioselectivity. Uninterrupted sequential reaction is also possible to provide the chiral aziridine in a one pot operation, and there is some generality to this reaction (Table 5) . Not only propanal, but also other alkyl aldehydes such as butanal, pentanal, isovaleraldehyde, and 3 phenylpropanal can be employed. Double and triple bonds do not affect the reaction. Acetaldehyde and α alkoxyacetaldehyde are also good nucleophilic aldehydes. Ethyl 4 aziridinyl 2 pentenoate and aziridine dimethylacetal derivatives can be synthesized in one pot reactions (eq. 20, 21).
The Mannich Reaction of α Keto Imines
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α Amino ketones are useful synthetic intermediates because they can be reduced to give α amino alcohols, and new carbon carbon bonds can be formed via an aldol reaction with the ketone group. If the Mannich reaction of an α keto imine were to proceed, a γ oxo β amino aldehyde would be generated via formation of a new carbon carbon bond.
Because N para methoxyphenyl (PMP) protected α imino ethyl glyoxylate has been successfully employed in the proline catalyzed Mannich reaction (eq. 5), we anticipated that a similar reaction of the PMP N protected imine derived from pyruvaldehyde would also be catalyzed by proline. However, preparation of this imine was found to be dif cult under several conditions, and therefore, the Mannich reaction of an N Boc imine generated from the corresponding sulfone derivative in situ was investigated. Desulfonylative Mannich reaction was found to proceed catalyzed by tri uoromethyl substituted diarylprolinol silyl ether to provide the desired product in good yield with excellent enantioselectivity (eq. 22). This reaction has wide generality ( Table 6 ). Not only propanal, but also other alkyl aldehydes gave good yields with excellent anti selectivity and enantioselectivity. Double bonds and triple bonds in the side chain of the nucleophilic aldehydes were found not to interfere with the reaction, and the products were formed with excellent diastereo and enantioselectivities. Besides the imine derived from pyruvaldehyde, imines derived from 2 oxobutanal and 2 cyclohexyl 2 oxo etanal are also suitable substrates, and afford the Mannich products in good yield and excellent selectivity.
The Mannich Reaction in the Presence of Water
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We have described the asymmetric Mannich reaction using organic solvent. The development of reactions in the presence of water 39 without using organic solvents is one of the important topics in current chemistry, because water is an environmentally friendly, safe medium, which avoids the problems of pollution that are inherent with organic solvents. 40 When we started to investigate the Mannich reaction in the presence of water, there were already several aqueous non enantioselective Mannich reactions of silyl enol ethers, 41 but only one asymmetric catalytic reaction in the presence of water catalyzed by an organometallic reagent: Kobayashi and coworkers reported the asymmetric Mannich type reaction of acylhydrazone and silyl enol ether in aqueous organic solvent using a diamine ZnF 2 surfactant system.
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As for the aldol reaction, Barbas group 43 and ours 44 46 independently developed asymmetric aldol reactions catalyzed by organocatalysts in the presence of water. While Barbas and Table 6 . The Mannich reaction of imine derived from α ketoaldehyde.
coworkers used a diamine with a long alkyl chain in the presence of acid (eq. 24), 43 we employed highly hydrophobic siloxyproline (eq. 25) 44 for the aldol reaction between aldehyde and ketone. We also developed a combined proline surfactant organocatalyst, which is effective for the cross aldol reaction of two different aldehydes (eq. 26). 45 Following these reports, several organocatalysts have been developed for the enantioselective aldol reaction in the presence of water. While there are several Mannich reactions which proceed in a mixture of organic solvent and water, 47 there has been just one other report as far as we are aware that uses only water as the solvent: a threonine derived organocatalyst was applied to the Mannich reaction in the presence of water, in which alkoxyacetone was the only nucleophile investigated. 48 We investigated the three component Mannich reaction of dimethoxyacetaldehyde, p anisidine and cyclohexanone as a model because dimethoxyacetaldehyde is commercially available as its aqueous solution, and this reaction must be performed in the presence of water. Moreover, the Mannich product obtained is a synthetically useful poly functionalized compound. Proline is not an effective catalyst and tetrazole substituted pyrrolidine as developed independently by Ley, 49 Yamamoto 50 and Arvidosson, 51 is also not suitable. However, a siloxy tetrazole hybrid catalyst afforded the Mannich product not only in excellent yield but also with very high enantioselectivity. The reaction also proceeds in good yield with excellent enantioselectivity in the presence of a large excess amount (100 equiv) of water. For practicality the amount of water should be reduced, and the reaction was also found to proceed ef ciently without the additional amount of water.
The reaction has generality (Table 7) : Both cyclohexanone and cycloheptanone are suitable nucleophiles affording the Mannich adduct with high diastereoselectivity and enantioselectivity. 2,2 Dimethyl 1,3 dioxa 5 one can also be employed successfully as the nucleophilic ketone, affording a polyoxyamine derivative which is an important synthetic intermediate for aminosugars with high enantioselectivity.
52 Acyclic ketones such as 3 pentanone are also suitable nucleophiles.
After this nding, we also investigated the Mannich reaction in the presence of water and found the domino reaction consisting of the desulfonylative preparation of N Ts imine and then enantioselective Mannich reaction can proceed in the presence of water without organic solvent to afford the Mannich product with excellent enantioselectivity, which I already mentioned in the previous section (Section 8). 32 
Conclusion
We have developed several versions of the asymmetric Mannich reaction catalyzed by organocatalyst. First, we applied the high pressure induced by water freezing to the proline mediated three component Mannich reaction of aldehyde, ketone and p anisidine to provide the product in good yield with excellent enantioselectivity due to the effects of both the high pressure and low temperature. During the application of high pressure to other reactions, we found that the cross Mannich reaction of two different aldehydes proceeds under ambient pressure with excellent enantioselectivity, which was the beginning of our engagement with organocatalysis. The higher reactivity of aldimine compared to aldehyde in the proline mediated Mannich and aldol reaction can be explained based on the effective protonation by acid of the aldimine basic nitrogen. The usefulness of this Mannich reaction was demonstrated by the stereoselective synthesis of the N terminal amino acid moiety of Nikkomycin B and Bx. Diarylprolinol silyl ether containing a tri uoromethyl group is an effective organocatalyst of the Mannich reaction of acetaldehyde as the Mannich donor, Mannich reaction of imines derived from aliphatic aldehyde, and Mannich reaction of α keto imine. This catalyst is also suitable for the uninterrupted sequential synthesis of aziridines, in which the key step is the diarylprolinol silyl ether mediated Mannich reaction of the N tosyl imine of chloroacetaldehyde. We also developed an environmentally friendly Mannich reaction in the presence of water, in which only water was employed as the reaction medium without any organic solvent. All the Mannich products are obtained with excellent enantioselectivity, and the reaction conditions are simple without special precautions to exclude moisture and oxygen. The catalysts are inexpensive. Thus, we believe the methods described in the present manuscript will be useful for the production of nitrogen containing natural products and drugs.
